Background Chloronicotinic insecticide are a class of pesticides that are commonly used as insecticides. Among the frequently used chloronicotinic pesticide, imidacloprid (IM) was developed in 1986. The residual of this insecticide or any pesticides may have serious public health threats. Methods Both degradation and mineralization of the imidacloprid (IM) in aqueous solution was studied under various experimental conditions using different advanced oxidation processes namely, ultraviolet C (UVC), UVC + TiO 2 , and UVC + ZnO. All the experiments were performed using a lab-scale batch photoreactor with a working volume of 100 mL equipped with lowpressure mercury vapor lamp (9 W, 18 cm long, Philips Co.), emitting UV radiation with maximum intensity at 254 nm. The possible intermediates and a reaction pathway for photocatalytic degradation of the IM were also evaluated. Results It was observed that under optimal condition for UVC/TiO 2 process (C 0 = 100 mg/L, pH = 7.5, t = 20 min, TiO 2 dose = 100 mg/L), IM was effectively degraded (88.15%) and followed the first order kinetics model. The degradation efficiency increased with increasing of illumination time and is more favorable in alkaline pH compared to acidic pH. Degradation of the IM in photocatalytic process was compared with photolysis showing a significant synergy effect in the case of the photocatalytic degradation process, leading at 20 min illumination time to a 36.7% increase of the IM removal efficiency in comparison to the single UVC. The GC/MS chromatograms before and after treatment confirmed the effectiveness of the UVC/TiO 2 process in simplifying the nature of IM and its conversion to more simple and degradable compounds. Conclusion The heterogeneous UVC/TiO 2 process was found to be an efficient chemical-less method that is appropriate for degradation of IM from aqueous phase.
Introduction
Chloronicotinic insecticide are a class of pesticides that are commonly used as insecticides. Among the frequently used chloronicotinic pesticide, imidacloprid (IM) (neonicotinoid class of insecticide) was developed in 1986 [1] . The chemical structure of the IM is shown in Fig. 1 [2] . This insecticide impacts on motor neurons in insects, causes overstimulation of the nervous system and finally leads to insect death. The residual of this insecticide or any pesticides may also have serious threat to the aquatic environments [1] . These organic compounds enters into the environment as well as water sources mainly through to the effluents from industries and the agricultural activities. Imidacloprid has been detected in various concentration from 2.09 to 3625 ppb in different water sources [3] . Organophosphate insecticides (OPI) are most frequently detected and major emerging anthropogenic contaminants in drinking water sources in the vicinity of production and application sites, particularly in developing countries [4] .
Because of the high water solubility, IM is considered as a high potential contaminant of water bodies [5] . Given the potential hazards of accidental exposure to IM and minimization of these harmful effects, it is necessary to treat IMcontaining wastewaters through an appropriate method. A wide range of methods including physical, chemical and biological processes have been studied to remove IM from water and effluents [2, [5] [6] [7] [8] . Among these methods, advanced oxidation processes (AOP S ) are preferred. The main mechanism of AOPs processes is the production of highly reactive free radicals such as hydroxyl, capable of decomposing biodegradable materials through nonselectively clinging to organic molecules and converting them into water and carbon dioxide via mineralization [5, 8] . These processes have two main categories: homogeneous and heterogeneous. In the homogeneous processes, the reactions take place in the similar phases, like liquid-liquid, but in the heterogeneous type, the reaction take place in different phases, in which, during one or several stages, the electron pairs are produced. The photolysis process occurs when an organic molecule absorbs ultraviolet radiation. UV rays include wide ranges of wavelengths, including UV-A, UV-B, and UV-C. The photocatalytic oxidation process belongs to heterogeneous category, and has attracted a great interest for decontamination of water and wastes streams [9] [10] [11] . The photocatalytic processes can be commonly defined as applying a combination of UV irradiation in conjunction with a catalyst agent like Fe 2 O 3 , CdS, Sb 2 S 3 , ZnO, TiO 2 , etc. resulting in the production of some oxidative radicals such as hydroxyl radical (
• OH), where the latter can oxidize the toxic organic compounds into less toxic products [12] [13] [14] . In this regard, nano-powders like TiO 2 and ZnO have most frequently been used as semiconductor catalysts for degradation of different pollutants in recent years [15] . Titanium dioxide (TiO 2 ) that is resistant to chemical corrosion can be used as a catalyst at ambient temperature and pressure. This catalyst can be irradiated by UV light and leads to producing hydroxyl radicals which attack the refractory organic molecule to degrade it into simple compounds. The main advantages of photocatalytic method are ease of operation, low maintenance, the integration into small places, less-expensive, non-toxic, etc. [12, 15, 16] . The photocatalytic degradation of pesticide takes place on the surface of nanocatalysts by trapping radicals of
• OH in the holes of reactive species [17] . The main possible reactions are presented in Eqs.
(1)-(5) [5] :
It has been reported that the photocatalytic degradation of organic compounds in the solution is caused through the formation of an electron-hole pair on the catalyst surfaces. The high oxidative potential of the hole (hv þ b ) in the catalyst made it possible the direct oxidation of pesticide to the most simple and oxidized intermediates. A more reactive hydroxyl radicals can also be formed either by the hydrolysis of water or by the reaction of hole with
• OH. Electrons in the conduction band (e − cb ) on the catalyst surface can also reduce molecular oxygen to superoxide anion. This radical, in the presence of organic scavengers, may form organic peroxides or hydrogen peroxide. Moreover, the electrons in the conduction band, are also responsible for the production of such hydroxyl radicals [15] .
Accordingly, the objective of this study was to evaluate imidacloprid pesticide degradation and mineralization in aqueous solution using different advanced oxidation processes namely, UVC, UVC/TiO 2 and UVC/ZnO. The photocatalytic efficacy of the ZnO and TiO 2 , regarding the degradation and mineralization of IM were evaluated through the defined experimental conditions. 
Materials and methods

Reagents and materials
All the chemicals used in this work were of analytical grade quality and were purchased from Merck Co. Imidacloprid, C 9 H 10 O 2 N 5 Cl (Fig. 1 ), 1-[(6-chloro-3-pyridinyl) methyl]-N-nitro-2-imidazolidinimine, technical grade (99% purity) was purchased from PharmaChem Company, Thessaloniki, Greece. TiO 2 and ZnO were purchased from Degussa Huells (TiO 2 P-25 Degussa, anatase/rutile: 3.6/1, surface area 56 m 2 /g, nonporous and ZnO with specific surface area and band gap energy of 10 m 2 /g and 2.92 eV, respectively). The main characteristics of TiO 2 and ZnO nanoparticles are shown in Table 1 . The solution pH was measured using a lab pH meter (model: EC20, HACH Co., USA) and H 2 SO 4 and NaOH were used to adjust the pH wherever necessary. Double distilled water was used to prepare IM solutions with desired concentrations throughout the work. Aqueous stock solution of IM was prepared every week, protected from light and stored at 25°C.
Photoreactor; setup and operational practices
All the experiments for IM degradation were performed using a lab-scale batch photoreactor. A tubular glass photoreactor with a respectively total and working volume of 120 and 100 mL was used to run the experiments. The path length of the reactor was 350 mm. The UVC radiation source for activating TiO 2 and ZnO nano-catalysts was a low-pressure mercury vapor lamp (9 W, 18 cm long, Philips Co.) emitting ultraviolet radiation with maximum intensity at 254 nm (flux of 88 μW/cm 2 at 1 cm distance from the lamp surface). The UV lamp was mounted in a quartz sleeve having 15 mm diameter. Figure 2 shows the graphic representation of the experimental setup. For the protecting the lab workers against the UV radiation, the photoreactor apparatus was placed in a wooden chamber. In each test, IM solution with the known concentration was transferred into the reactor. After setting the desired parameter, the lamp was switched on and the suspension was stirred at a constant speed throughout the experiment. The solution in the reaction chamber was sampled at different intervals and analyzed for the target parameters. All experiments were performed in batch mode at ambient temperature (≈25°C), atmospheric pressure, and at constant stirring of 400 rpm to provide homogenization in the solution. No remarkable increase in liquid temperature was detected in the photoreactor throughout the experiment. The effect of various variables including IM concentration, nano-catalysts dosages, pH and illumination time was assessed on the processes efficiency. In order to demonstrate radical based oxidation of imidacloprid, some compounds that are commonly used as radical scavengers in similar studies including carbonate, sulfate, phosphate, and tert-butanol anions were added to the solution. All the experiments were performed in duplicate and the mean values were reported.
Analysis
To determine the IM concentrations in the influent and effluent samples, HPLC (model LC-2010 AHT, Shimadzu) equipped with UV detector at a wavelength of 270 nm and Phenomenex C-18 column (250 mm × 4.6 mm) was used [19] [20] [21] . The fate of IM in the photocatalytic process was determined at the optimum experimental conditions using gas chromatography-mass spectrometry (GC-MS) (Agilent Technologies, Tokyo, Japan). A total organic carbon analyzer (Shimadzu Instruments, model TOC-V CSH ) was applied for the measurement of dissolved organic carbon (DOC). Scanning electron microscopy (SEM) images were obtained on a JEOL JSM 6700F microscope.
Results and discussion
Scanning electron microscopy (SEM) of nanoparticles Scanning electron microscopy of ZnO and TiO 2 nanoparticles are presented in Fig. 3 , where, (a) and (c) revealed the grape- 
Effect of initial solution pH on the IM removal
The solubility of neonicotinoides like IM pesticide in aquatic solution depends on multiple factors such as pH, temperature and physical state of the pesticide applied [8] . As seen in Fig. 4 , the removal efficiency of IM in both UV/TiO 2 , and UV/ZnO processes increased with the increase in pH from 3 to 9 with corresponding removal efficiencies of 90.13% and 85.89%, respectively. With the continued increase of pH from 9 to 11, the removal efficiency of IM in UV/TiO 2 and UV/ ZnO processes was decreased by 6.42% and 7.9%, respectively. However, the lowest removal efficiency was obtained in acidic pH. In contrast, IM removal is more favorable in acidic pH compared to alkaline pH in UVC process. As seen in Fig.  4 , at pH = 3 the removal efficiency is 49.28%, but at pH = 11, it is reduced to 26.51%. It should also pointed out that the removal efficiency for all investigated processes is almost constant at pH range from 7 to 9. The pH zpc values for TiO 2 and ZnO were equal to 6.5 [24, 25] and 9 [26, 27] and the pK a of IM is 11.12, therefore, IM has a positive charge at pH values less than 11.12. On the other hand, TiO 2 and ZnO have a negative charge at the pH values greater than 6.5 and 9, respectively. Accordingly, it can be expected that IM well absorbed on catalyst surfaces in the pH range between 5 and 9, which, in turn, will take part in the reaction with the radicals in the solution and finally decompose [28, 29] . In addition, the optimum pH for ZnO is slightly higher than for TiO 2 which is due to their differences in pH zpc . In case of UVC process, the higher IM removal efficacy in the acidic pH arises from pKa and the IM quantum yield.
As at the pH values close to or above 11.12, the ratio of the ionic fraction is increased, but at lower pHs, the molecular fraction ratio of the dissociated IM in the solution will be increased. Therefore, imidacloprid is more active in lower pH or acidic solutions, thus, with a further reduction in pH, the removal efficiency will also be increased [30, 31] . Hong et al. investigated the degradation of imidacloprid with electrolysis. The results of this study showed that pH = 3 was more favorable for IM removal due to the higher efficacy of • OH radicals in acidic conditions [32] . The result of IM removal in UVC process in our study is also consistent with the results of Sedaghat et al. who investigated the imidacloprid degradation by photoelectrofenton and found that acidic conditions are more favorable for IM [33] . Rahmani et al. studied the efficacy of photocatalytic degradation of phenol using UV/TiO 2 and found that UV, TiO 2 and UV/TiO 2 efficiency was in the range of 1.8-19.64%, 2.38-17.8% and 34.62-91.81%, respectively, and the highest removal efficiency was observed at pH = 11, contact time of 9 h, and TiO 2 concentration of 0.2 g. Further, phenol removal was also increased with increasing TiO 2 dosage, pH, and contact time [34] . Hemmati and coworkers investigated phenolic photocatalytic degradation using UV/TiO 2 enriched by trivalent iron and found that ultraviolet radiation alone is less efficient (38.6%) and the highest degradation efficiency (62.4%) was obtained at acidic pH (3) . Moreover, the removal efficiency of phenol was decreased with the increase of initial phenol concentration [35] . According to another study, the highest efficiency of photocatalytic oxidation of organophosphorus pesticides using zinc oxide and photocatalytic degradation of metamitron in ZnO water suspensions were at pH = 8-10, where it was shown that at acidic pH, ZnO can react with acids to produce the corresponding salt and dissolution and photodissolution of ZnO considered as the dominant reaction [17, 36] .
Abdollahi et al. investigated the removal of benzoquinone 1-4 using ZnO, and showed 100% removal efficiency at pH 9 [37] . Moussavi et al. investigated the photocatalytic degradation of diazinon with ZnO nanoparticles in water and observed that in the presence of catalyst at pH = 7.5, and after 30 min illumination, the removal efficiency of diazinon was 93.3% [4] . Sathiyanarayanan et al. used ZnO photocatalytic process to remove imidacloprid and spirotetramat residues from the water and found highest removal efficiency at the pH 9 [38] . Khani et al. investigated the photocatalytic degradation of azo dye solution by nanosized zero-valent iron-ZnO photocatalyst system and reported that dye removal was the highest in alkaline conditions [15] .
Effect of IM initial concentration on the IM removal
The initial concentration of pollutants has a significant impact on the removal efficiency [8] . Based on Fig. 5 , when the initial IM concentration increases from 10 to 100 mg/L, mean removal of IM decreased from 100% to 85.15% and from 99.05% to 80.45% for UVC/TiO 2 and UVC/ZnO processes, respectively. An increase in initial concentrations of IM reduces the total amount of unoccupied holes (h+) and may decrease the efficacy of formation of OH radicals in the solution [39] , which in turn decreased the IM degradation efficiency. Of course, this efficiency reduction is not considerable for the concentrations in the ranges 10 to 100 mg/L, as it is about 15% for UVC/ZnO process and is about 19% for the UVC/ TiO 2 process. However, further increasing the initial concentration to 150 mg/L, the efficacy of the processes was also decreased by ca. 17% and 21%, respectively. In the case of the UVC process, (as shown in Fig. 5 ), similar decreasing trend was also observed. For example, the removal efficiency of 65.92% for the initial concentration of 10 mg/L was decreased to only about 11.32% for the initial concentration of 300 mg/L. Therefore, the initial concentration of 100 mg/L was selected as the optimal concentration for the rest of the experiments. Nevertheless, the lower removal efficiency observed in single UVC (e.g. 48.45% for initial concentration of 100 mg/L) compared to other two photocatalytic processes (85.15% for TiO 2 at 100 mg/L) was mainly due to that hydroxyl radicals (
• OH) was not expected to be formed because of inability of 254 nm irradiation in photolyzing of water [40] . Hemmati and coworkers investigated photocatalytic degradation of phenol using Fe(III)-doped UV/TiO 2 and found that the degradation efficiency was decreased with the increasing of phenol concentration [35] . Arbab et al. investigated the photocatalytic degradation of triethyl phosphate using titanium dioxide nano-photocatalyst, and found that at high initial concentrations of triethyl phosphate, the adsorbed molecules of the reactant could occupy the entire catalyst surface, hence reduced the decomposition rate. Besides, the intermediates chemicals produced during the process were competitively adsorbed on the catalyst surface [41] and hindered the further degradation of target pollutant. Khani et al. investigated the photocatalytic degradation of acid orange 7 with ZnO, and found similar results [15] .
Effect of illumination time on the IM removal
It can be seen in Fig. 6 that with the increase of reaction time, the removal efficiency of all investigated processes was also increased. As seen, with the increase of illumination time from 0 to 30 min, IM removal efficiency was also increased by 90.37% for UVC/TiO 2 process. However, further increase of illumination time to 50 min caused the removal efficiency increase only by ≈ 4%. The main advantage of this process is the relatively lower reaction time compared to other processes, which in turn leads to a reduction in the construction and operating costs. It has also been shown that the removal efficiency was increased a little beyond 30 min reaction time. However, the reaction time over the optimum point can only impose increased energy consumption without considerable increase in the removal efficiency. In the study conducted by Daneshvar et al., integrated UVC/ZnO process was used to degrade diazinon organophosphorus pesticide and showed up to 80% removal in 80 min reaction time [42] . Moza et al. showed that 4 h irradiation of imidacloprid with 290 nm light resulted in 90% degradation efficiency [6] . Moussavi et al. investigated the efficiency of UVC and UVC/ZnO for the oxidation of diazinon insecticide and found the maximum removal of diazinon during 30 min irradiation with UVC in the pH =5 and for UVC/ZnO at pH = 7.5 with the corresponding removal efficiencies of 57.8% and 93.3% [4] . Furthermore, the efficiency of UVC and UVC/TiO 2 processes for removing this insecticide was compared, and the results showed that optimum pH for both processes was 5 and for photocatalysis process, the removal efficiency was 2.5 times higher than the UVC process [24] . 
Effect of catalysts dosages on the on the IM removal
By increasing the dose of TiO 2 and ZnO catalysts from 0.005 to 0.1 g/L, the removal efficiency was also increased from 55.14% and 48.41% to 88.91% and 80.15%, respectively (Fig. 7) . In the absence of a catalyst (UVC), the removal efficiency is only about 45%. By further increasing of TiO 2 and ZnO dosages to 2 g/L, the removal efficiency is reduced by ca. 19% and 15%, respectively. Therefore, the catalyst dosage of 0.1 g/L was selected as the optimal amount for carrying out the experiments. Similar results were also obtained for single absorption process. As seen in Fig. 7 , with the increasing of TiO 2 and ZnO dose from 0.05 to 2 g/L, the removal efficiencies were also increased from 6.5% and 5.5% to 19.24 and 18.55%, respectively. According to various studies, the rate of decomposition of insecticides were also increased by increasing the concentration of nanoparticles, because with the increase of TiO 2 and ZnO, the number of photons were also increased in the solution, resulting in the increase of the amount of adsorbed pollutant molecules on the catalyst surface, thus, a better photocatalytic reaction condition will be expected [17, 43] . Furthermore, by increasing the number of photons, the production of hydroxyl ions (
• OH) will also be increased [43] and resulted in higher removal efficiency. However, for the dosages higher than the optimal concentration, the number of pollutant molecules is not proportional to the number of TiO 2 nanoparticles. Also at higher concentrations due to the clustering and density of TiO 2 particles, the number of available reaction sites at the catalyst surfaces will be decreased [43] . Moreover, excessive catalyst concentrations increase the turbidity of the environment, causing to the reduced light penetration and increasing dispersion, which in turn results in ineffectiveness of the process [41] . Wei et al. [44] reported that an increase in the catalyst dosages provides an increased number of active sites for adsorption and the following degrading reactions; however, the simultaneous increase in the solution opacity inhibits the photon flux penetration, which in turn decreased the degradation efficiency. According to Verma et al., it was found that pollutant removal efficiency was increased with increasing nanoparticle dosages and decreased after optimal dosage for photocatalytic degradation of insecticide Chlorpyrifos with TiO 2 nanoparticles under UV irradiation. Sathiyanarayanan et al. who used ZnO photocatalytic process to remove the imidacloprid and Spirotetramat Residues from the water, also found that by increasing the amount of nanoparticle up to 0.07 g/L, the removal efficiency of imidacloprid was also increased [38] . These findings suggest that to ensure efficient absorption of photons and to avoid excess catalyst, the photocatalytic reactor should be operated at optimum catalyst loading to maintain a balance between these two opposing effects.
Effect of the presence of radical scavengers on the photolysis and photocatalytic degradation of imidacloprid
The presence of mineral salts in water can reduce the degradation efficiency of UV oxidation processes. To see the effect of mineral salts in the current study, experiments were conducted with commonly found ions namely carbonate, sulfate, phosphate, and tert-butanol anions. As shown in Fig. 8a , the removal efficiency of photolysis process (no catalyst) is increased by adding these ions and the removal efficiency is about 55% in the absence of these ions, while, the removal efficiency was increased about 18 to 26% by adding these ions, where the most and least effects were noticed in the presence of carbonate and tert-butanol, respectively. In contrast, in case of photocatalytic process, i.e. UVC/TiO 2 process, (Fig. 8b) , the efficiency of IM removal was decreased by the addition of radical scavengers. For example, the elimination efficiency in the absence of above ions under optimal conditions is about 87.5%, but with the addition of carbonate, phosphate, sulfate and tert-butanol, the removal efficiency decreased to 4.13%, 4.85%, 8.38%, and 16.56%, respectively, where carbonate and tert-butanol have the least and most interfering effects, respectively (Fig. 8b) . The results of this study are in agreement with the results of Jafari et al. [24] . In another study conducted by Moussavi et al., it was also observed that the presence of some ions in water, such as carbonate, sulfate and phosphate could reduce the efficiency of the photocatalytic process [4] . In this work, the highest and lowest effects were found with phosphate and bicarbonate, respectively.
Kinetic studies of imidacloprid within photolysis and photocatalytic degradation
Within 270 min of the photocatalytic degradation with ZnO and TiO 2 , IM successfully removed, reaching 1.2 ± 0.1% of initial concentration of IM. The measurements of the dark absorption of IM showed no change in concentration after same illumination time. Pseudo-first order kinetic expression is commonly used to describe photocatalytic degradation rate of organic compounds, modified as Langmuir-Hinshelwood (L-H) model (Eq. 6) to consider reactions took place at the solid-liquid interface [7] :
Eq. 7 is the linear form of Langmuir-Hinshelwood (L-H) model:
where, r o , C eq , K LH , and K are the initial degradation rate of the organic substrate, equilibrium bulk-solute concentration, limiting rate constant of reaction at maximum coverage under the given experimental conditions, and the equilibrium constant of adsorption of the organic substrate onto TiO 2 , respectively. θ in Eq. 7, the surface coverage, is related to the IM concentration (C eq ) and the adsorption equilibrium constant (K). Figure 9a , b illustrates the non-linear forms of LangmuirHinshelwood (L-H) model assigning to photocatalytic and catalytic degradation of IM, respectively, which is obtained by Solver Add-in function in Microsoft Excel [45] . The inset of Fig. 9 depicts the linear forms of L-H model. As shown, the removal kinetics followed the Langmuir-Hinshelwood model. Table 2 presents k LH , and K constants (from L.H linear forms) assigning to photocatalytic and photolysis processes. As mentioned, K represents the equilibrium constant for the degradation of IM in the presence of TiO 2 , and as represented in Table 2 , the value of K attributed to the photocatalytic process is higher than those obtained for the photolysis process. K LH reflects the limiting rate of reaction at maximum coverage (θ) and as it was shown in Table 2 , photocatalytic process revealed lower limiting rates than the photolysis in the studied experimental conditions [24, 42] . Figure 9 represents the obvious resemblance between the L.H kinetic model and Langmuir isotherm formal curve (L-shape); at witch, increasing value of degradation rate in the low IM concentrations and reaching to the saturation values in high IM concentrations can be identified. Kitsiou et al., showed the similar finding regarding the photocatalytic degradation of IM in the aqueous solution. The linear forms of the first and second order kinetic models of IM degradation are presented in the Eqs. 9 and 10 [46] , respectively.
Where, C 0 , and C t are IM concentrations at times 0 and t (min), respectively. k 1 (min
) and k 2 (mg/L.min) are the first and second order reaction coefficients, respectively. Figure 10 shows the graphical illustration of the pseudo-first and pseudo-second order models assigning to different initial concentrations of IM in the photocatalytic process (the data for photolysis process is not shown here). According to the correlation coefficients (R 2 ), at low concentrations, the experimental results reveals better correlations with the pseudofirst model. The corresponding kinetic coefficients for both photolysis and photocatalytic processes are shown in Table 3 .
The results suggest that IM is susceptible to degradation but with small differences. Imidacloprid was efficiently degraded within 2 h of the experiment for both nano-catalysts but the highest degradation rate was noticed for TiO 2 and the higher removal was also observed in this case. Therefore, in terms of IM removal, the photocatalytic degradation experiments were quite successful. Figure 10b shows the linear form representation of second-order kinetic model to describe the photocatalytic degradation of IM investigated in various concentrations. As represented in Fig. 10b and Table 3 , the obtained R 2 values Table 2 Langmuir-Hinshelwood model constants (nonlinear form) Table 3 confirm that the experimental data have better fit with the pseudo-second order kinetic model both for the low and high IM concentrations. The values of k 2 obtained from the photocatalytic study are obviously higher than those obtained for the photolysis study showing the higher reaction rate in terms of photocatalytic IM degradation. These findings are confirmed by those reported by Philippidis et al. [7] . Decreasing the k 1 and k 2 constants by increasing the IM concentration in the photocatalytic study are represented in Table 3 revealing the UV absorption effect of IM and hindering the efficient activation of TiO 2 NPs under UV illumination [24] .
The aggregation or dimer formation with increasing IM concentration is a possible explanation for pseudo-second order photocatalytic degradation kinetics (Fig. 11) [46, 47] . Similar findings were also reported in the case of methylene blue and safranin orange photodegradation [46, 48] .
Mechanisms involved in the degradation, and mineralization of imidacloprid
In photocatalytic decomposition of IM with TiO 2 or ZnO under UV irradiation, electron cavity pairs are formed. Under the UV-irradiated and in the presence of oxygen, the final products of photocatalytic degradation of IM are CO 2 , Cl − and NO 3 [5, 35] . When
• OH and O 2 radicals are trapped in active holes of cavities, the photocatalytic degradation of IM occurs on the catalyst surface.
• OH radicals have sufficient strength to break the bands in insecticidal molecules adsorbed onto the catalyst surface [17] . Figure 12 illustrates three probable intermediate compounds produced during the degradation of IM by the pseudo-first order reactions [47] .
UVC/TiO 2 process showed the highest degradation and mineralization effects. As shown in Fig. 13a , for all processes at the optimum illumination time of 20 min, the degradation rates (C/C 0 ) for UVC, UVC/TiO 2 and UVC/ZnO processes were 0.49, 0.18, and 0.12, respectively. Similar trend was also observed for COD reduction, as after 10 min illumination time for UVC, UVC/TiO 2 and UVC/ZnO processes, the IM removal efficiency was obtained ca. 22%, 68% and 64%, respectively. By increasing the reaction time to 20 min, the COD reduction was increased to ≈ 35%, 75%, and 71%, respectively. Finally, after 50 min of reaction, the amount of COD reduction in UVC, UVC/TiO 2 and UVC/ZnO processes was 56.4%, 83.8% and 82.3%, respectively. Therefore, it is concluded that UVC/TiO 2 process had the highest COD/COD 0 reduction rate of 0.25 at the optimum point, while this ratio for UVC and UVC/ZnO was only 0.65 and 0.29. Therefore, based on COD reduction, it can be concluded that the use of titanium dioxide catalyst has the greatest efficiency in removing imidacloprid insecticide. In order to measure the mineralization, the total The GC-MS analysis, total organic carbon removal efficiency and final degradation products
The GC/MS chromatogram (not shown here) shows the formation of more stable and simple compounds through ring cleavage of IM aromatic ring structures. The main identified intermediate metabolites included: pyridine and pyrimidine compounds, 6-chloronicotinic acid, and hexamethyleneiminoacetonitrile. Some other peaks were also observed in the library such as silane, thiazole, cyclotetrasiloxane, cyclohexasiloxane, etc. that may be related to column washing. The other compounds including ethylene terephthalate, ethyl et al., etc. may be resulted from sample container [6, 47, 49] . Chloronictinic acid, 1-[(6-chloro-3pyridinyl) methyl]-2-imidazolidinone, and 1-[(6-chloro-3-pyridinyl) methyl]-N-nitroso-2-imidazolidimine were identified as the main degradation products using composite of TiO 2 and zeolite H-ZSM-5 in the photocatalytic degradation of IM [50] . Chloronicotinic aldehyde, chloronicotinic acid, 1-(6-chloro3pyridilmethyl) imidazolidin-2-ona, and two other unknown compunds have been reported as the main degradation byproducts in the study conducted by Agüera et al. [51] . 6-chloronicotinamide and 2-pyrrolidinone were determined as the main transformation products in the photocatalysis of IM using TiO 2 as the catalyst [52] . It should be noted that the measured concentrations of the identified intermediate metabolites are very low, which also are in agreement with high COD and TOC removal efficiencies, where total organic carbon (TOC) measurements, as an indicator of mineralization [11] , at the inlet (61.64 mg/L) and outlet (4.6 mg/L) of the process (under optimum conditions) showed the reasonable photo degradation efficiency of 89.87%, which is high enough compared to similar study. For instance, Sedaghat et al. investigated the imidacloprid degradation by photoelectrofenton process and found only 67% TOC removal efficiency within 3 h [33] . This indicates the effect of the UVC/TiO 2 process towards simplifying the nature of IM and its conversion to more simple and degradable compounds.
Comparing the results of studied photolytic and photocatalytic methods for removing pesticides Table 4 summarizes a variety of methods studied to remove pesticides under various operational conditions. As seen, many studies were conducted to remove pesticides from water or aqueous solutions. For example, Kitsiou et al. [53] studied different photocatalyst methods to remove imidiacloprid from aqueous solutions. They found combined UVA/TiO 2 (500 mg/ L) + Fe +3 (7 mg/L) + H 2 O 2 (50 mg/L) process as the efficient method (about 80% removal efficiency at 30 min illumination time, pH of 3.2, and initial IM concentration of 20 mg/L) presumably due to the synergistic effect of homogeneous and heterogeneous photocatalytic reaction. Photocatalytic degradation of imidacloprid in aqueous suspension in the presence of TiO 2 supported on H-ZSM-5 as a photocatalyst has been studied by Tang et al. [50] . UV lamp with light intensity of 0.5 mW/cm 2 at the wavelength of 365 nm (UVA) was used as the main source of irradiation. Although in the mentioned study, higher removal efficiency was obtained compared to our results, higher dosage and illumination time were also required to reach such degradation efficiency. Moussavai et al. also used UVC and UVC/ZnO processes and successfully removed organophosphate pesticide, diazinon as 
Conclusions
The present experimental study aimed at investigating the degradability of imidacloprid via photocatalytic advanced oxidation process under varying working conditions. Applying a low cost and chemically stable catalyst at limited dosage (100 mg/L) and its activation with UVC as a chemical-less agent under relatively low illumination time make this photoreactor as an economically applicable solution for the degradation of organophosphate pesticides and to remove such pollutants from contaminated waters. Photocatalysis of IM is more effective as compared to photolysis process and degradation is favored under alkaline conditions. This is accompanied by oxidation of imidiacloprid to simple and relatively stable transformation by-products that some of these were successfully identified.
